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Three-body decay of thed* dibaryon
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Under certain circumstances, a three-body decay width can be approximated by an integral involving a
product of two off-shell two-body decay widths. This “angle-average” approximation is used to calculate the
NN decay width of thed* (J™=3",T=0) dibaryon in a simplé\? model for the most important Feynman
diagrams describing pion emissions with baryon-baryon recoil and meson retardation. The decay width is
found to be about 0.0060.07, 0.5 MeV at thed* mass of 20652100, 2150 MeV for input dynamics
derived from the full Bonn potential. The smallness of this width is qualitatively understood as the
result of the three-body decay being “third forbidden.” The concept &rbiddenness and the threshold
behavior of a three-body decay are further studied in connection withzti&l decay of the dibaryon
d’(J7=0",T=0 or2) where the idea of “unfavoredness” has to be introduced. The implications of these
results are briefly discussef50556-28188)06910-4

PACS numbds): 14.20.Pt, 13.75.Cs

I. INTRODUCTION help of an approximate angle-average formula developed in
this paper.

Almost all theoretical dibaryons with exotic quark struc-  This paper is organized as follows: The general nature of
tures have masses above th8IN threshold[1]. They can the mNN decay of the moded* is described in Sec. Il faP-
thus decay intarNN states. From the viewpoint of dibaryon &1dSwave pion emissions. The conceptleforbiddenness
searches, the most promising candidates should have the ndg! describing the threshold behavior of three-body decays is
rowest widths; otherwise, they do not stand out clearly abovIntrOduced in analogy to that for nuclegt decays. Both

) : -wave andS-wave pion emissions from baryons described
the background. However, theirfNN widths should not be 1, Fig 1 are found to be “third forbidden.” The processes

too small; otherwise, too few pions will be available to help shown in Fig. 2 for pion emission from virtual mesons in
with the identification. Hence a qualitative understanding ofieading order are found to vanish for bofhwave andS-
the 7NN decays of these dibaryons is of considerable interwave pion emissions.
est when contemplating an experimental search for these In Sec. Ill, an angle-average approximation for the width
dibaryons. of a three-body decay of the type shown in Fig. 1 is obtained
A particularly interesting dibaryon is th@*, of quantum in the form of a sum of integrals over the product of two sets
numbers]"T=3"0. The interest comes from the possibility of off-shell two-body decay amplitudes. Numerical results
that its mass might be unusually low, thereby indicating arare given in Sec. IV where this angle-average approximation
unusual structure or dynami¢€—4]. The purpose of this is applied to Figs. (8—1(c), using baryon dynamics derived
paper is to give rough estimates of isNN decay width ~ from the full Bonn potentia[5] and from on-shelNN t
when it is treated approximately as &wave bound didelta Matrices constructed from experimeniéN phase shift$6].
state of intrinsic spirS=3. In Sec. V, retardation contributions are included, while pair

The 7NN decay of this modeti* cannot occur via pion effects are found to be negligible. _
emission from one of the constitueAts because the spec- Section VI gives a discussion of the threshold behaviors

tator baryon will remain a. Hence the baryons must inter- ©f 7NN decays, which are controlled, but not solely deter-
act at least once to turn the spectator into a final-stat&1in€d, by thel forbiddenness of the decay. The decay of the
nucleon. This is true too for pion emission from a virtual d'(J7=0",T=00r2) dibaryon is studied to illustrate the
meson which must be made to appear in the system. WitRomplications caused by decays with abnormally large
one pion emission vertex and two interaction vertices for the?POWer dependences on the external momenta near threshold.

spectator interactiotreferred to below as a recpithe lead- Finally, brief concluding remarks are made in Sec. VII,
ing Feynman diagrams are processes containing three veriithere the implications of our results for the quark-
ces, as shown in Figs. 1 and 2. delocalization model ofi* [2—4] are touched upon. In par-

Of the processes shown, Figs(alk-1(c) are recoil dia- ficular, the calculated decay width of 70 keV at*
grams describingr emission by interacting baryons. Figures = 2100 MeV seems to imply that there might b_e too f(_aw
1(d)—1(f) are retardation diagrams describing emission fromdecay pions at low dibaryon masses to help with particle
a baryon when a virtual meson is in the air. Figy)1(j) identification.
are some of th'e relati_vistic correctiqns 'coming frd\:er. Il. GENERAL CONSIDERATIONS
pairs. Finally Fig. 2 gives the contributions for emission
from an exchanged meson itself. We shall calculate the de- The dibaryond* is an isoscalar, high-spindJ{=3")
cay width for the most important of these processes with thetate. When treated asA# bound state, its dominant spatial
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FIG. 1. Some leading-order Feynman diagrams for the ddéay #NN with pion emission from a baryon.

component is'S;. Figure 1 gives the lowest-order Feynman interaction that arises, for example, from the exchange of an
diagrams for its decay into theNN final state by pion emis- isovector meson such asor p. This means that the operator
sion from a baryon. FoP-wave pion emission, thBN sys-  in the BB interaction responsible for the decay in our simple
tem in thewNN final state hasST=01, the possible partial A2 model ofd* is (a;x a7)®)(7 .7;), wherei andj refer to
waves being’D, and 'G,. Hence themNN decay ofd*  two separate baryons or to quarks in these baryons. The op-
through this dominanfS; component requires three units of eratorse and 7 are Pauli spin operators for quarks and gen-
baryon spin change, i.e., a rank-3 intrinsic spin tensor. eralized spin operators for baryofig.

This rank-3 spin tensor must be combined into a rota- |t js useful to enumerate the possible components of both
tional scalar as the perturbation responsible for the decay bye initial d* and theB?2 states appearing afté or Swave
scalar multiplication with a rank-3 spatial tensor made up Ofpion emission. We shall use a baryon notation with baryon
internal or external momenta. The Feynman diagrams Show@omponents restricted to only andN because these baryons
in Fig. 1 d_escribe some of the leading-order p_ion emission b¥1ave the lowest masses and the same spgtigliark struc-

a baryon in our simple model af*. The dominant process ture. They can therefore be expected to mix strongly with

involves aP-wave pion emission that depends linearly on the . .
: X ; one another. Under the circumstances, the available states are
momentumps;=p,, of the emitted pion. This means that the

remaininggq or BB interaction must generate a rank-2 spa-
tial tensor to trigger the decay. This cannot be done with a P P

rank-0 central interaction or a rank-1 spin-orbit interaction. P1 — Py

A rank-2 tensor-force interaction is needed. Furthermore, the bl n

final NN state with the lowest orbital angular momentum Fomm P3 b————— P3

that appears from the initial dominant spati&; state ofd* T P

is 1D,. — P, —_— b,
To the extent thad* is dominated by theé\? component P (a) P b)

containing twot=3/2 constituents, the tensor interaction for
recoil must convert at least one of these constituents into a FIG. 2. Some leading-order Feynman diagrams for the decay
t=1/2 nucleon. Thus the tensor force must be an isovectod* — 7NN with pion emission from virtual mesons.
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d*(J™=3%,T=0):A%[7(S,D,G,1)], bers of the most favorable findN state areT=1, Iy=
|3;—1,|, andmy= 77, . From these selection rules, we can
N?[3(D,G)]; determine that the decay* — 7NN is |=J,=3 forbidden
for | ,.=0—3. For highed .>J;, itis | =2l .—J; forbidden.
B2(J™=2%/4* T=1):N?[YD,G)], These selection rules farNN decays have been specified
in terms of the relative coordinate of the fifdN state, i.e.,
AN[®(S,D,G,H]1,[3(D,G)], a Jacobi coordinate. This is the most natural choice because
wave-function antisymmetrization and final-state interactions
A’>(S,D,G,1)1.[YD,G)]; can then be described most conveniently. However, it is not
the only one possible. Selection rules can also be specified in
B*(J7=3",T=1):N7°F], terms of the one of the final-state nucleon coordinates. This
choice could occasionally be more convenient, for example,
AN[®(P,F,H)1,[3(P,F)], when the nucleon is a real spectator. An example of this
choice will be given in Sec. VI.
A?[7(P,F,H)1L.[3(P,F)]. (N Let us now return to the decay of. For Swave pion

o emissions, the finaNN system should have odd spatial par-
The decay processes shown in Fig&a)21(c) can then be i and therefores T=11. Only oneN? partial wave is then

described by certain decay equations. Pawvave emission, possible, hamely3F 5. Figures 1a)—1(c) for Swave pion

they are emission from a baryon are described by the decays
ANS) =N Dy =D+ (1 =1); £%(7S;) - N2(Dg)—N?(Fy) + m(1 , = 0);
(S —ANCS) + ll,=D) 2278 ANCPy) + (1 ,=0),
AN(SS;)~N°('Dy); NGy NZCE )
A8 =258+ mll,=1), A2(785)— A%(Py) + (1 ,=0),
A%(°8;)~N*('D;). @ NP NCE ), @

In this paper, we are particularly interested in low-mass , i ) . ,
dibaryons decaying close to theNN threshold. Such near- respectively. LikeP-wave pion-emission amplitudes, tge
threshold decays show certain general kinematical featuré¥ave amplitudes interfere among themselves, but they add
reminiscent of nucleag decays, features that originate from ©nly incoherently to the>-wave contributions to the decay
the dominance of centrifugal potential barriers on the outgoW'dth' . . L .
ing decay products, and are controlled by their orbital angu- NOW the basicSwave pion emission vertex is know8]
lar momenta. The transition amplitude can be expanded in & Pe of ordew/m relative toP-wave pion emission, where
Taylor series in these final-state momenta of which only twothe baryon(or quark energy transfew=E—E’ is expected

say,p,, of the pion andpy of one of the nucleons, are inde- to be significantly smaller than the baryon mas$or low-
. . . . * i
pendent. Ifl . is the pion orbital angular momentum in the Massd™. Given the fact that thesBwave decays are also

dibaryon c.m. frame andly is the relative orbital angular |=3 forbidden, we conclude that they can be neglected in
momentum of theNN system in the final state, the leading COmparison withP-wave emissions, at least for the rough
terms in the Taylor expansion are necessarily of the typ&Stimates attempted in this paper. o

Vi (PN m (Pr), Wheredin(p) is a solid spherical har- Other types ofSwave pion emission are possible if the

. . . . eynman diagrams involve orbitally or radially excited bary-
monic. The decay width near threshold is then propomonaEnSA* or N* as well. These additional baryon configura-

to (PI;TPLN)Z together with additional factors coming from s can be expected to be even less important because the
the three-body phase space which we shall find in Sec. VI tgnBB* coupling constants are much smaller than the meson
be p%pg . We shall call this decay forbidden whenl=I..  coupling constants ta or N because of the spatial quark
+Iy is nonzero. Withl .=1 andly=2, the P-wave pion excitations.
decays of Eq(2) are all third forbidden. Among higher-order diagrams not included in Fig. 1 are
This concept of forbiddenness is familiar not only from  those decribing final-state interactions between the outgoing
nuclear 8 decays, but also from the simpler processes ohucleons. They are not expected to be very important be-
two-body decays. For example, the decay ofsheesonance cause the nucleons have large relative orbital angular mo-
involvesP-wave pion emission df,=1. Hence the decay is menta in our final states. Thus rescattering effectsiin
| =1 forbidden in our language. The two-body phase space- 7NN decays could be quite different from those of thresh-
gives an additional factor of, . The decay width is then old pion production in nuclear reactiof®,10].
roughly proportional t(pfr. This is a well-known result. Let us turn next to Fig. 2 describing pion emission from
The | forbiddenness of the decay* —#NN is deter- virtual 7-p mesons. The operators involved in Figaghave
mined as follows: The pion has both orbital and total angulabeen derived in connection with the study®frp-exchange
momental . and parityrr,=(—1)'~*1. The initial state has three-nucleon forceEl1]. Two pion-emission operators ap-
quantum numbers”=3"*,T=0. Hence the quantum num- pear: The firstis &,-q) (7, X 1) - ®, whereq is the momen-
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tum of the virtual pion and® is its wave function. The WwhereE, is aA energy in thed* c.m. frame. Neither energy
spin-isospin operators appearing here could be those gfenominator vanishes below the appropriate threshold. The
quarks or of baryonsincluding transition spinsdepending off-shell BB t matrix is that calculated at the energy of the
on the dynamical model used. For simplicity, however, wefinal-stateNN pair.

shall visualize them in this section as generalized baryon The n-body decay of an object of mags* can be ex-
spin operators. pressed conveniently by the Fermi golden rulé]:

This pion-emission operator describ®svave pion emis- Lo 4
sion. For the two diagrams in Fig. 2 togeth&wave pion _ p 12
emission involves the combinationo{+ o) q(7 X ) F_(Zw)f (d_E)I];[Z (2m)3 .<|Hfi| )spind(M* —E)dE,

-®. This is a rank-1 spin operator. Hence the direct decay of ! 7)

the major componens?(’S;) of d* (i.e., Fig. 2 to the only

availableN? final state of®F3 is not possible. The process where H’ is the effective perturbing Hamiltonian. The

has to go through a minor component of eitbéror the final  body density of states that appears can be expressed nomi-
B2 state. A minor component of the fin®? state is one nally in terms of a product of the densities of states of fewer
which contains one or mord’s that must be converted to bodies. If the spin-average squared matrix element
nucleons before the decay is completed. (|H{[?)spinis also factorable into appropriate factors referring

The second operator appearing in Figg)2s proportional  to fewer bodies in the problem, the integral could be simpli-
to (o2 0)oy-(psXq)(mX 1) P, obtainable also from fied to make the physics more transparent.
mmp-exchange three-nucleon forces. It gives rise to a pion To study this possibility ford*, we first note that each
emission operator of the form—2(o;X0,)-[qX(p3  Feynman diagram of Fig. 1 has the simple form of
X q)](7 X ) - @, describingP-wave pion emission. The in- H,D 'H,, whereH; is one of the interactions arfd is the
trinsic spin operator appearing in it is also only rank 1. It tooenergy denominator between them. The three-body phase
cannot connect the dominant’(“S;) component ofd* to  space is unfortunately made complicated by the requirement
the availableN? final states'D, or 'G,. HenceP-wave  of energy conservation which leaves behind the integrations
pion emission by a virtual meson is again possible onlyover
through a minor component in the initial or the final state.

To summarize, to the lowest order in the strong- 1
interaction vertices, the decaf — 7NN involves the pro- (d_El
cesses described by Fig. 1 involving pion emissions from
baryons. Here use has been made of the momentum-conserving rela-

tion

3

i=]l d3pi: E1E2E3d Ezd E3d293d¢23. (8)

IIl. ANGLE-AVERAGE APPROXIMATION s o o )
FOR THREE-BODY DECAY WIDTHS Ef=p3+ p3+2p,p3C0Sh,3+ my 9

Estimates of the width of a three-body decay of the typen the form
shown in Fig. 1 are greatly facilitated by using an angle-
average approximation developed in this section. dcos,; E;
We begin by noting that Fig.(&) can be interpreted as the dE;  pops’
off-shell decayN— 7N of a smallNN(3D3) component of
d* that has one spectator nucleon on its energy shell. Thi§hus only one set of angle integrations, helfé);, is for-
component is generated perturbatively by the recoil interacmally identical to that for the decay in free space.
tion from theA?(’S;) state. For this reason, the energy de- What is left of the second set of angle integrations,

(10

nominator that appears is the bound-state expression namely,d¢o3, has been partly changed by the requirement
of energy-momentum conservation for all three particles. As
D,=m*—-2E(p,), (4)  a result, kinematical quantities such Bs and 6,3 are no

longer independent of each other. Many of the angular func-

wherem* is thed* mass and is a nucleon energy in thd* tions in the integrand become quite complicated. The energy
c.m. frame. The matrix appearing in the recoil interaction is denominatorD too could be a function of some of these
an off-shellt matrix between two baryons calculated at theangle variables.
initial-state energy/s=m?*. We are interested here in an angle-average approximation

On the other hand, Figs(l) and Xc) involve pion emis- obtained by adding an extra angle integration (d/2)s6,;
sion into abnormal or minoA2 or AN components of the to Eq.(8) to restore the full angle integration dfQ2,. The
final B2 channels. These abnormal components are off sheiflea is to undo the angular correlation between the matrix
with finite spatial extensions when the available energy iglements of the interactiorid; andH, (so that the angle

below their breakup threshold. integrationsd?p; can be done independenthybut keep the
Figures 1b) and Xc) are also similar in that their energy proper three-body phase space of the Dalitz pl@,13.
denominators are scattering-state quantities of the type Before this can be done, another complication has to be
taken care of. The integrand|(H')4*)spin CONtains the
Dp=E(p1) + E(p2) —Ea(p) —E(=p—pa), (5)  propagator factob ~2 which depends on the external hadron

energiesE; and certain internal baryon energies. The exter-
D.=E(p1)+E(p2) —EA(p)—Exs(—p—p3), (6) nal hadron energies are angle independent, but some of the
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internal baryon energies do depend on the integration angle¥he final decay width will then be the sum of contributions
If such angle-dependent internal energies are replaced by

suitable angle-averaged values, for example, by the replace- _ . _
ment r ;ﬁ I'(a,B), with @,8=a,b, orc, (17
where
| =P ps|—\(p?) +p3, (11)

the factorD ~2 simplifies to an angle-independent approxi-
mant(D ~2) that can be taken out of the angle integrations.
The remaining factor in the integrand is now

4 E
r(a,ﬁ)mﬂj dEszg( L )

P2P3

XF;aF2B<(DaDB)_1>F’3\—aF3B! (18)

3
if there were no additional complications in the angle and
<|(H2H3)fi|2>spi“:i=nz (I (HDsl*)spiny (12) spin averages for the “off-diagonal” terms. An extra factor
of 4 appears because there are s in d*. The diagonal
where the state labelsandf in (H,)¢; are the initial- and terms I'(«,«) are positive, while the interference terms
final-state labels appropriate for the interactiép The two  I'(«,8+ a) could be negative.
sets of angle integrations can now be done independently, Further development of this formula is possible under
leading to the “off-shell” two-body decay widths special circumstances. Matrix elements at corresponding ver-
tices in different diagrams can be related to one another
through the quark modéll,14]. For example, therqq ver-

2
(W)= M<|(H,) 12 eoi (13  tex for pion emission from quark can be taken to be the
T 2my2dw T /spin.angle nonrelativistic(NR) expression
where
frag
quq:m_(o'i'pa)(fi'q))y (19

1 -
<|(Hi)fi|2>8pin, angle:ﬂf <|(Hi)fi|2>8pindzpi . (14 where® is the pion wave function, anfl,,,=(3/5)f ;nn is
the coupling constant. The NR quark model can then be used
These decay widths are in general off shell because the eto relate theB— 7N decay widths that appear in these Born
ergy in each final state differs in general from that in thediagrams to just the basic width
initial state. The effective energy, in the density of states
remains to be chosen. [ap(p3)=T'(A—Nm), (20

Equation(7) has thus been simplified to together with additional factors that represent changes in the

reduced matrix elements of operators appearing in the inter-
action. Additional details will be given in the Appendix. Re-
scattering effects for the emitted pion will not be included in
(15 the present study.
The BB— NN transition is more complicated. The transi-
This is the basic angle-average approximation used in thigon matrix element #d,);; in Figs. 4b) and Xc) should be
paper. In this expression, the effective energisare arbi-  cajculated in thel* rest frame, not in the final-stai? c.m.

trary integration variables to be chosen for convenience sincg@ame where the dynamics is usually specified. This means
the integral is actually independent of their choices. Whatthat

ever the choice, the remaining integrations should be per-

1 E,
F%—dedW(—)F W,)(D AT 5(Ws).
277_ 2 3 2p2p3 2( 2)< > 3( 3)

formed over an appropriate Dalitz area that reproduces what Fai(Wp)=6,%5(p3), (21
is left of the three-body phase space after the angle integra-
tions. where

We chooséN;=E; so thatl'; is actually the static limit
[where m,<m(nucleon)] of the physical width for pion 5 = [P2 _ /p2E2 (22)
emission. We us#V,=2E, in order to make the widtit', ’ p5 p3E3’

for Fig. 1(a) an off-shelld* — NN decay width with a two- ) . ) o
body density of states defined for tid? system of total @ndFis an off-shell transition amplitude containing the two-
energy E,. body density of states calculated in tNé c.m. frame where
The actualmNN decay amplitude is of course a sum over the nucleon momentum is

contributions from several Feynman diagrams, though lim- 1
ited in this section for convenience in presentation to only * _ [ m2.—m?2

. e P2 mi,—m (23
Figs. a—1(c). To treat their interference, we shall need the 4

complex transition amplitudes for tH&B recoil
and

Fi=TY2%, (16) myp=(E;+E;)?—p3 (24)
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is the invariant mass of thi® system. D.~178(224) MeV,

We could still use the NR quark model to relate the dif-
ferent operator matrix elements of different diagrams so that D,~—290(—236) MeV, D ~—578(—524) MeV.
the same basic transition amplitudg, appears in different (32
diagrams, albeit evaluated at different energies and with dif- ) ) _
ferent additional factors. Finally, spin averages must be per- 1N€s€é approximate energy denominators can be used in
formed term by term for Eq(17), as discussed in the Ap- Eq. (26) to show that the decay widths from the three dia-

pendix. In this way, we get the final result for Figga-1(c) ~ 9rams taken individually are roughly in the ratio

of I'(a,a):T(b,b):T(c,c)~1:(—0.40)%(-0.10% (33
25 E;
~_ e at 2100 MeV and
Fa 1o | dEszs(p2p3>r3b
I'(a,a):I'(b,b):I'(c,c)~1:(—0.632:(—0.142 (34)
FralP2) | [2F2a(P3)  FoalP3)||? X
x D, % 3Dy, 3D, + (29 4t 2200 MeV. Because the denominator of Fi@) has sign

opposite to those in Figs(ld) and Xc), the amplitude from
involving angle-averaged quantities. This is the decay-widtithis dominant process interferes destructively with those
expression actually used in our calculations. from the latter diagrams, as shown explicitly in the last two

We could have used empiricah BB coupling constants equations. This destructive interference leads to a total decay
[7] or some other model ahBB dynamics[14] instead of  width for Figs. 1a)—1(c) that is roughly an order of magni-

the NR quark model to calculate differeBB recoil ampli-  tude smaller that', from Fig. 1(a) alone.
tudes. The result will differ somewhat from those shown in
the equation. However, the differences are not expected to be IV. RESULTS FOR d* — NN

very large from the viewpoint of the rough estimates at- ) ) _

tempted here. So we shall not consider these alternatives in T0 obtain amNN decay widthl", we need to integrate Eq.

this paper. (25) over the three-body phase space left over after angle
Equation (25) has a particularly simple structure if the integrations. It seems useful to give a rough order-of-

recoil amplitudeF,, is calculated in the Born approximation Magnitude estimate of the dominant tefip from Fig. 1(a)

or evaluated at a common nucleon momenfyrinstead of @S We go over some of the technical details involved in the

at two different values. On ignoring the small difference inIntégration.

the density of states in differett? frames as well, we find The two-body width forP-wave pion emission is best
expressed in terms of the experimental decay wibith
r ZsdedE Eq, oy 1 N 2 N 112 =I'(A—«N) of 120 MeV for a freeA of massm,
127 228\ p,ps) 3 2D, 3D, 3D’ =1232 MeV,
(26) b,m e ,
[gp=T <&)(_3) er(pa), (35
where 3b— %A K*EZ |\ Kk*
[2a=T(d* —=N*('Dy)). (27)

where the parameters with an asterisk are in the.m.

This very rough formula fof" shows that the relative impor- frame:

tance of the.dlagrams is approximately controlled by the en- k*=227 MeV, E5=966 MeV. (36)
ergy denominator®; .

To estimate these energy denominators, we note that afhe Gaussian factor comes from a baryon form factor calcu-
external nucleon has the median energy of lated by using Gaussian wave functions in a NR quark

. model. It depends on a parameter

E(p,)~ 5 (My+ Ena) =961(988) MeV, (28

_ _ a=r3/3=3.1x10"% MeV 2 (37

where the numerical value is fan* =2100 (2200) MeV.

For smalld* masses, the internal baryon energies that appeaelated to the proton radiug . The value of ,=0.6 fm used

are dominated by the internal momentynof d* of radius  here is the one commonly used in many NR quark models,

r* (usually taken to be 0.7 fjn including[2]. It is not the experimental proton charge radius.
Note that the pion momentumps; appearing in Eq(35) is

9 that in thed* rest frame, and that the distortion of the out-
AN 2 ’
(P9 = 16r*2 (210 MeVic)*, (29 going pion wave function has been neglected.
Momentarily ignoring the Gaussian factor from the
E(p)~ m,%‘+<p2>=962 MeV, (30) baryon form factor, we find, fom* =2100 (2200) MeV,
r =59 (256 MeV,
Ea(p)=~m3 +(p?=1250 MeV, (30) 3o max=59 (256 Me
andE;(—p—ps)~E;(p). These give the rough estimates at <ﬁ> _ Tsomax =0.14 (0.39, (39)
m* =2100 (2200) MeV of P3|  2.903 max



2420 CHUN WA WONG PRC 58

100 - T - Now thed* —NN decay in free space gives two nucle-
ons, each of momentum,,,.. The resulting decay width is
20 l represented by a solid circle in Fig. 3. In Figa}l, on the
other hand, we need decay widths at the safae m* but
‘5 with off-shell nucleon momentump<p,.x. They can also
5 60 1 be calculated for the samematrix input from the decay
% width formula of [1] because this formula works for any
2 0 ) nucleon momentum. The result is shown as a dashed curve in
an Fig. 3, one for each/s whose valugin MeV) is also given
E* near the curve. Thedematrices are said to be calculated at
20 T the (initial-state dibaryon energyDBE).
In contrast, the recoil interaction in Figs(bl or 1(c)
0 . ; ) ) takes place after pion emission, i.e., at lower energies. It
0.0 0.2 0.4 0.6 0.8 involves an off-shellt matrix defined at the energy of the

p (GeV/c) final N? state, as in the analogous processes [inbrems-

FIG. 3. Thed* —NN decay width parameteF ,,(p)/p as a sFrathn_g[lS—l?_l._ In the present rough estimate, it is conve-
function of the off-shell nucleon momentumin the NN c.m. frame nleht to mterpret it as an off-sheliB—NN de_cay process at
for the full Bonn(FB) and the Franey-LovéFL) models of dynam- ~ @n intermediateB?-state energy/s<m*. This means that
ics. Each FL curve is labeled by the c.m. energy of k¢ system  one should use points from the dashed curves in Fig. 3 at
whose empirical free-spadematrix is used in the calculation. The smaller c.m. energies. The figure shows that such decay
on-shell decay width at each energy is given by a solid circle in thavidths are smaller because the empiricalatrix is found to
figure. decrease rapidly ags decreases.
Such a strong energy dependence originates from the

at the maX|mum_vaIucpg max= 165 (.270.) Me\_/ ofps. The . _strong energy dependence of certain empiri¢hl phase pa-
average shown in the last expression involving a denomina-

. ; _ .. rameters such as the mixing parametgrin the N2(3S;
tor factor of 2.5 is obtained as follows: For nonrelativistic —3D,) states. The Flt matrices we use were constructed in
(extremely relativistit kinematics, the phase space is

s [6] from the energy-dependent phase solution SP84 of Arndt
roughly rectangular irps (ps). The average then has a de- and collaboratorg18]. It is well known that the energy-
nominator factor of 2(3). For most of the pion energies dependent mixing parametes, from SP84 already varies
studied here, the kinematics is neither nonrelativistic nor eXrore smoothly and more slowly with energy than the so-
tremely relat|V|st|c..So we take a denominator factor oI 2.5.Called single-energy solutions. Nevertheless, it still has an

The_ two-body W'dthr_z_a(DZ) fo_r the two-body decayl . energy dependence much stronger than that of any common
.HNN 'S.mu.Ch less familiar, but it has recently been_ StUdIedNN potential such as the FB potential. This situation can be
in[1]. ltis given by Eq/(38) of that paper, an expression that seen in Fig. 15-7 of5]. In other words, the empiricalma-
works f_or any f|na2I hucleon momentups in the rest frame trices and the FB potential do not represent exactly the same
of the final-stateN“ system. It can be used for the off-shell dynamical input when it comes to this tricky isovector
momenta appearing in our diagrams, provided that the r'ensor-force part of thalN interaction.

duced masg.f appearing in the equation is taken tobg2 Given this complication and the other problem of missing
(whereE,= \/p22+ m?) and notm* /4. off-shell dynamics, we decide to use a much cruder approach

Different dynamical inputs are possible. We use the fullfor these empiricat matrices. Instead of using them at dif-
Bonn (FB) potential in the Born approximation, a choice ferent effectiveB? energies dictated by each diagram, we
referred to below as the FB model. Of course, the Born apshall use two extreme prescriptions meant to provide rough
proximation of a static potential is rather crude because itipper and lower bounds.
contains no off-shell effect, but it represents a familiar start- The first prescription is to usematrices of the samiN
ing point. The resulting width parametEg,(p)/p? is shown  energyys=m* in all decay diagrams, i.e., using only points
by a solid curve in Fig. 3 as a function of the nucleon mo-lying on one of the dashed curves in Fig. 3. Theseatrices
mentump in the c.m. frame of the finaliN state. are thus calculated at the initial-state dibaryon energy, a pre-

Certain rescattering effects not included in Fig. 1 could bescription referred to below as the FL-DBE model. One can
included by using empiricaNN t matrices constructed by see from Fig. 3 that the resulting decay widths are larger than
Franey and Love(FL) [6] from experimentalNN phase those calculated at variable energies. The DBE results for
shifts. These empirical matrices are of course on-sh&IN  T'_ can therefore be expected to be rough upper bounds.
t matrices, but here evaluated at the same momentum tranBigure 3 shows that these DBE results are likely to be close
fer g as the needed off-shell matrices. So no dynamical to those calculated with the FB dynamics.
off-shell effects can be included here. To my best knowl- The second prescription usesnatrices calculated at the
edge, there is no simple way to extrapolate these empiricallowest possible energies in order to generate a rough lower
matrices off shell without using a realistic potential model. bound. These energies will be taken to NdN energies

These FL on-shelt matrices are actually energy depen- (NNE's) after the recoil, giving a prescription to be called
dent. In Fig. 1a), thet matix involved is that for the initial the FL-NNE model. The resulting,, decay widths are the
dibaryon state of mass*. We therefore use the empirical free-space widths reported [i] and represented by solid
matrix at theN? energy of\s=m*. circles in Fig. 3. In other words, the solid circles are now
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treated as a function of the nucleon momentoyrand used 102 . . , .

in all diagrams. We can see from Fig. 3 that thgyy that e

results will be much smaller than those for the FL-DBE and 10 b ©1(a): FL-DBE _

FB models. Since the FL-DBE model does not contain the i

effects of decreased effecti®® energies for the recoil after o L ® i(a)-1(c): FL-DBE s 2
—-- 1(a)-1(c): FL-NNE - AL

pion emission while the FL-NNE model usé&N energies
that are far too low, the actual FL results can be expected to
be somewhere between these two FL models.

Although we have not calculated the full off-shethatrix N
from the FB potential, it is nevertheless useful to point out 10
some expected rescattering effects in it. We shall concentrate

-1

Width (MeV)
=

onT,,, where theA?(’S;) —N?(3D3) matrix element of the 107t
isovector tensor force has the same sign as NRE’S))
—N?(®D,;) matrix element, according to Eq$A3) and 10" S ' '
2000 2050 2100 2150 2200 2250

(A4). The long-range part of this isovector tensor force is
from pion exchange and is attractive in thé(3S,—°D,)
states. Hence rescatterings can be expected to enhance itSg|, 4, The widthd, from Fig. 1) alone and" . from Figs.
contribution, i.e., to increase the width in Fig. 3 for small 1(g)-1(c) for the decayd* — #NN for different dynamical inputs:
momenta. On the other hand, the short-range part of the tefhe full Bonn (FB) potential, Franey-Loveé matrices calculated at
sor force is dominated by rho exchange and is repulsivethe dibaryon energyFL-DBE) and at theNN energy(FL-NNE).
Rescatterings will then reduce its value, leading to a de-
creased width in Fig. 3 at large momenta. These considefor the FB potential. As expected, the three-body decay
ations suggest that with rescatterings the width from the FBvidth increases sharply with increasingf . It is also rather
model is likely to move towards that for the FL-DBE model. small, even before the destructive interference with the other
Even though we do not know the quantitative extent of theamplitudes is included.
change, we do expect the actual results to be much closer to It is now a simple matter to return to E@5) and perform
the FL-DBE or FB values than the FL-NNE values. This isan honest integration over the Dalitz area without making the
especially true if the mixing parametes given by the FB  separate averages decribed previously in this section. In the
potential is more realistic than the empirical values obtaine¢nergy denominators, we use the actual external energies
from phase-shift anaylsis. E(p;) andE(p,) of each point in phase space, the approxi-
To summarize, the three models shown in Fig. 3 seem tonate internal energies fd;(p) shown in Eqs(30) and(31),
present an interesting range of dynamics for our rough estiand the approximation
mate of thewrNN decay width.
Let us now return to our rough estimate I6f using the Ei(—p—pa)=Vmi+(p®)+p3, (42)
FB model forI',,. We average the dimensionless “re
duced” widthT',,/p, by itself over a rectangular distribu-
tion of p% (for approximately nonrelativistic kinematic$o
get the rough estimate

d* mass (MeV/cZ)

" that is, the leading term of a Legendre expansiopips.
The calculated results from Fig(a) alone are shown in Fig.
4 as a light solid curve for the FB model, as open diamonds
for the FL-DBE model, and as a light dashed curve the FL-
NNE model. The results for Figs(d-1(c) are shown as a

I'sa 1 (p2.d2aP) . heavy dotted curve for the FB model, solid squares for the
|~ j e d(p?)=0.010 (0.022 FL-DBE model, and a dot-dashed curve for the FL-NNE
P2/ Pzmad 0 P (39) model.

We see that the results from all three models are in better
agreement the higher th#* mass. The FB and FL-DBE
for m* =2100 (2200) MeV. results are quite close to each other over the entire mass

The energy denominatdD, is next factored out of the range, with the FL-DBE widths a little larger close to the
integral by using the median energlf,) of E; given in Eq.  threshold and a little smaller as* increases beyond 2100
(28). After replacing the factoE, in the integrand itself by MeV. The FL-NNE widths are about an order of magnitude
its median value, we are finally left with an integration over smaller than those from the other two models below 2100
the E;E5 (or N#) Dalitz area[13] MeV. Hence the FB widths seem to be quite reasonable,

being comfortably within our rough upper and lower bounds
at low d* masses.
A= f ~dE,dE;. (40 Figure 4 also shows clearly how the destructive interefer-
Dalitz ence among Figs. (4—-1(c) reduces their resultant decay
width significantly, as we have already noted previously.
This area turns out to be 1390 (6800) Me\Hence
V. RETARDATION AND PAIR CONTRIBUTIONS

The remaining six diagrams shown in Fig. 1 come in two
groups: Figures M)—1(f) describe the retardation contribu-
(42 tions due to pion emissions from a baryon when a virtual

r~2 <an> <E1><F3b

~—A{ — —)~0.04 (0.7 MeV,
127 P2 <Da>2 p3> 09
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meson is in the air, while Figs(d)—1(i) describe pion emis- meson masses, although the function used differs somewhat
sion via the creation of 8B pair. from that appearing in one-boson-exchange potentials.

The propagator for the retardation diagrancontains the Hence the calculation dR is still possible if one interprets
energy-denominator factoB, 'D*, where the initial-state these terms as the separate contributions from different me-

energy denominator sons or groups of mesons.
This prescription is admittedly far from ideal, but even a
Do=m* —w—E(p,) —EA(p) (43)  theoretically calculated matrix may not be separable into

terms describing single-meson exchanges. The reason is sim-
is the same in all three diagrams. Note that the sum of thely that rescattering means the inclusion of terms with two or
two intermediate-state baryon energies that appears is onlyiore exchanged mesons. Their correct treatment can only be
about 22102240 MeV for m* =2100 (2200) MeV. That based on Feynman diagrams. In spite of this limitation, a
is, this energy sum increases very slowly beyond the sum afalculation using the empiricalmatrix should still be very
their rest energieg@t 2170 MeV asm* increases. Hence for informative. The actual formula used to calcul@efor FL t
m* ~2200 MeV, D, is close to—w, wherew=\m2+q?>  matrices will be given in the Appendix.

is the meson energy. One final problem in using the Ft. matrices has to be
The final-state energy denominafy, depends somewhat mentioned. The longest-range part of their terisoratrices
on the diagramw with is not one with the pion mass, but one with twice the mass.
The authors found the constraint to match the one-pion range
Dyg=E(p2) —w—EA(p), “too restrictive” [6], though they were successful in con-
straining the longest-range term of the real part of the central
De=E(p1) —@0—E(—p—pa), t matrices to the one-pion value. This range problem is prob-
ably not serious in generating the amplituie but possibly
Di=E(p1) —o—EA(=p—p3). (44 more serious in the amplitudé® for retardation diagrams.

This is because these diagrams contain one more energy de-
All angle-dependent energies will eventually be approxi-nominator dependent on the meson enegyif the meson
mated by angle-averaged energies. _ mass is too large in these energy denominators, the resulting
We turn next to the integration over one of the internaldecay amplitudes might be too small. It is hard to tell if this
momenta, say, the meson momentgm(The other interal s jndeed the case for a numerically fitted function as there
momentuny is then fixed by momentum conservatipfihis  might be compensating terms in the fit, but we shall watch
integration works out the same way it does for the two-body, ;; for this possibility in the calculated results.
transition amplitudeF of Figs. 1@—1(c) [1]. The major dif- We turn next to the pair diagrams of Figs(gl-1(i).
ference is that the meson propagator® for Figs. 1a)-1(c) Since we need a rank-3 spin operator for the decay
ig now replaced by the propagatomﬂoDa-f.oraretardation d*[A2(’S,)]— 7NN, the pion-emission vertex has to be
diagram ar. Th? appearance of an additionatdependent spin dependent, while the virtual-meson exchange from or to
energy denominator has the consequence that the Iongetlﬁe . : i . -
P : . pair must involve a rank-2 spin operator. The spin
rangem-exchange contribution becomes relatively more |m—de endent part of the pi T ; ith th i
portant than in Figs. ()—1(c). p e !oar 0 e_p|or.1 emission vertex wi e creation
This change of propagator causes some complication iff annihilation of aBB pair turns out to be of ordep/m
the calculation. Since the additional energy denominator delratio of baryon momentum to baryon masslative to the
pends on the meson mass, it can be included only ifithe Spin-dependent pion emission vertex from a baryon. The
and p-exchange contributions can be separated. The transiank-2 spin part of th&?B—B interaction turns out to be
tion amplitude from Figs. X1a)-1(c) is of course separable also of ordemp/m relative to the rank-2 spin operator in the
into the form nonrelativistic BB— BB interaction for bothw and p ex-
changes. Furthermore, the additional energy denominator for
F=F+F, (45 these pair diagrams is larger in absolute value than those in
Figs. X@—1(f) by roughly twice the baryon mass. The con-
when the virtual-meson exchange is treated literally in thesequence is that these pair contributions to the decay ampli-
Born approximation implied by the figures. By the same ar-tude can be expected to be roughly two orders of magnitude
gument, the retardation diagram@/-1(f) taken literally as  smaller than those for the other diagrams of Fig. 1 in the
Born diagrams give rise to transition amplitudBsof the  mass region of interest in this paper. They can therefore be
same separable form neglected.
Returning now to the retardation amplitud®s we need
R=R,*+R,. (46)  to add them to Eq(25) and perform spin averages in the
same way as for Figs(d)—-1(c). Again, it will be convenient
The situation is more complicated when rescattering efto express all operator matrix elements for the retardation
fects are also included, for example, by using thetFha-  diagrams in terms of that appearing in Figd)lfor which the
trices. While the amplituder can be calculated without the transition amplitude isR,4, where the subscript 2 refers to
separation of terms shown in E@5), the calculation ofR is  the “spectator” nucleon. The final expression for th&lN
not possible without it. Fortunately, each Fmatrix is made  width for Figs. Xa)—1(f) turns out to have the same structure
up of a sum of three or four terms with different effective as Eq.(25):
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r 25JdEdE< El)r
at™~ 1o 2058 | 5op,) ' 3 a ]
2 1 2
X|B(a,d)+5,| zB(b.e)+3B(c.) ||, (47) 08 | :
8
where s06r 1
F2a(P2) 04 1
B(a,d)~Raa(d:p2) +—5 _
a
02 1
Faa(P3)
B(b,&)~Rog(€;p3) + 5, g — -
b 2000 2100 2200 2300
d* mass (MeV/cz)
o F2a(P3) . . .
B(C,f)%RZd(f;pz)wLD— (48 FIG. 6. Ratios of the Dalitz are&, the decay width", from
Cc

Fig. 1(a@), and the decay width',; from Figs. Xa)—1(f) to the ex-
. . L . pected threshold power law for thl — 77NN decay as functions
are amplitudes for pion emission from a baryon. The dia< e gibaryon massi*. Each ratio is given in units of the value at
gram labelsa—f are kept in the expressions as they defingy» = 2034 MeV.

the energy denominators to be used in the amplitudes.

To simplify the calculation of the retardation amplitudes,  The main feature seen in Fig. 5 is that the retardation
we use in the energy denominatddg andD; the approxi-  diagrams have overcome the reduction caused by the de-
mation structive interference among Figgal-1(c) to give a more

normal result quite close tb, for Fig. 1(a) alone. It is in-
Ei(=p—p3a) ~E(—P2—P3)~Ei(—P)—E(—P2), (49  teresting thal,; is greater thard, for the FB model, but
smaller for the FL-DBE model. The difference has a simple
wherei=A or N (i.e., blank. The mean external nucleon explanation.
energy defined in E¢28) is used forE(+p;), and the rms First of all, we should recall that the decay at tB&
momentunxp?)*? of the initial state is used in the internal _, NN step is controlled by a competition between the long-
energiesE;(p). . ) . range attractive tensor force fromr exchange and the

The resultingmNN decay widthl',; is shown in Fig. 5 as  shorter-range repulsive tensor force frgmexchange[1].

a solid curve for the FB model and as solid circles for theThjs cancellation makes the width increase less rapidly with
FL-DBE model. For comparison, the partial width, for  jncreasing dibaryon mass. It also explains why the width is
Fig. 1(a) alone is also shown, as a light solid curve for thegmgjler for a dibaryon of smaller size, as seen in Fig. 5.

FB model and open diamonds for the FL-DBE model. Al Now the retardation diagrams contain an extra energy de-
these widths have been calculated fat*aradius of 0.7 fm.  nominator that depends on the meson mass, a feature that
The widthI'; for a d* radius ofr*=0.9 (0.5 fm is also  favors the contribution from the virtual meson of smaller

shown in the figure as a long-dashethshed curve. mass. Consequently, the attractizeexchange contribution
is reinforced in the FB model. In the FL models, the one-
10’ - - - . pion term is absent in the isovector tensor force. The terms

L@y FB that remain correspond to larger meson masses giving a

e 3 larger energy denominator and, hence, smaller retardation
100+ — @)-1H: 0.7 fm ) 4 contributions.
--- la)-1(f): 0.5 fm

= If this picture is correct, the FB result would appear to be
more sensible. However, a careful study of both theoretical
matrices calculated from potential models and empirical
matrices constructed from phase shifts will be needed to con-
firm this interpretation. We have not calculated the results
for the FL-NNE model, but they are likely to be much
smaller.

Our general conclusion is that while the energy depen-
dence of the matrix is not insignificant, the best estimate we
2000 2050 00 2150 100 2250 hgve now is based on thg FB model. Accqrding to Fig. 5, it

d* mass (MeV/c?) gives a value ofl"5¢ for Figs. Xa)-1(f) that is about 0.006
(0.07, 0.5 MeV at m* =2065 (2100, 2150 MeV.

® 1(a)-1(f): FL-DBE

Width (MeV)
=

FIG. 5. The widthd", from Fig. 1(a) alone and,; from Figs.

1(@)-1(f) for the decayd” — 7NN for different dynamical inputs: v, | FORBIDDENNESS AND THRESHOLD BEHAVIORS
the full Bonn(FB) potential, and the Franey-Lowamatrices calcu-
lated at the dibaryon enerdf#L-DBE). The value of thed* radius It is now useful to discuss the threshold behavior of the

r* used is 0.7 fm, unless otherwise specified in the figure. decay width. We shall begin with the Dalitz arégm*)
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defined in Eq(40). In the NR limit, it varies with momenta power of the pion momenturp; by one power of theNN
roughly as 0, maP3 may >~ In reality, the dependence is only relative momentunfip; — p,| in the final state. This substitu-
a little weaker than this, as the dotted curve for the ratio tion leaves the threshold power law unchanged.
. . ) However, it is not true that the threshold power law is

Ca(m*)=A(M*)/(P2 maP3 max (50 always determined completely by the degree of forbidden-
ness of the decay. Occasionally the expected threshold term
is absent. Then the surviving leading terms are higher-order
al'aylor terms with a momentum power greater than expected.
This situation will be described as being “unfavored” be-
2I,T+2p2lN+2_ (51) cause an increase in the power implies a reduction in the
3 max 2 max decay width near threshold. So the general rule for the

This dependence could be approximated by jpgﬁ:x, threshqld power law is _that the power is not smaller _than that
wherel =1 _+1, is the degree of forbiddenness of the decay'determmed by thé-forbiddenness of the decay, but it could

but we shall not make this additional approximation here. be_l?igger if thehdecay is.unfar\]/ored. d litud
For d* — 7NN with P-wave pion emission, we have. 0 support the assertion that some decay amplitudes are

—1,1y=2, and a decay that is third forbidden. To see howdnfavored, I now describe an example which is interesting in

dominant this threshold power law is, we show in Fig. 6 theltS OWn right. It is thewNN decay of that most promising of
' low-mass dibaryons, namelyd’ (J”=0",T=0 or 2,

of A to its threshold behavior shows in Fig. 6.
Using the NR dependence for the Dalitz area, we find
threshold behavior for the three-body decay of

I'(m*)=~consiX p

ratios . : . . :
which was first proposed for a dibaryon interpretation of the
Ca(m*)=ra(m*)/(P§ man mad s (52) structures seen in the pionic double-charge-exchange reac-
tion nn(=*, 7 )pp on nuclear neutrongl9-21.
wherea=a andaf, as functions of the* mass for both the The decay equations fd& and P-wave pion emissions

partial widthI", from Fig. 1(a) only (dashed curjeand the are, respectively,
width I' ;+ from Figs. 1a)—1(f) (solid curve. Both widths are

calculated with the FB model of interactions. d'(07,T=0,2—N*('Sp) + m(l ,=0); (59
These curves show that the threshold behavior is further
modified by momentum dependences due to dynamics and d’(07,7=0,2—>N?(®Py) + (I ,=1). (56)

form factors. In fact, both decay widths behave roughly as

pd _p3 . over the first half of the mass range shown in the This shows thag-wave pion emission ik=0 allowed, while
figure, a small reduction in the momentum power being used-wave pion emission is=2 forbidden. This classification
to simulate the significant momentum dependences shown #tHdgests thaBwave pion emission would normally domi-
the figure. nate the decay near threshold.

These results are relatively simple because the initial state A more detailed analysis shows that this is not always
is a relativeS state. The situation is more complicated for atrue. To see this, let us start with the simple modelsl of
relative D state. The solid spherical harmorjg,,(p) that  used in[22]: a AN bound state in a relative state for the
appears in the initial-state wave function would have givenl =2 dibaryon and atN* N relativeS bound state involving

rise to an additional factor of a P stateN* for the T=0 dibaryon.
In the AN model ofd’(T=2), the off-shellA can decay
p>=(p+0a)?, (53  into a nucleon while the spectator nucleon can come out

without further interaction. The pion-emission vertex can be

whereq is the momentum of the virtual meson involved in yitten in one of the following two forms when specialized
the BB recoil. Since this internal momentum is eventually 15 the three-body final state:

integrated over, what survives of tlig term has the same

threshold behavior as those from tBestate component of V. _na<[ o ps3+(W/i2m)o-py,l, (57)

d*. The remaining terms in the equation have additional

powers of the external momentupy left over, leading to

amplitudes with higher powers qf;. VA
We have shown in Sec. Il that tr decay byS-wave

pion emission is also third forbidden. ThHBwave emission

comes from the second, &wave, term in the basierqq

vertex calculated from the usualjq Lagrangian with either 1 1

pseudovector or pseudoscalar coupling: P3=Pa, plZZE(pl_ p2)=—pP2— LS (59

1 w
4m

w
o p3_ﬁ0’ p21| ’ (58)

where

V qqg=consX[ —o-(p—p’)+ (W/dm)o- (p' +
A [ (PP Jo (Pl (54) in the dibaryon rest frame, and whevenow stands for a
transition spin operatdr7]. We shall call these expressions

in the NR andw<m limits [8]: Herep (p’) is the quark the Jacobi form and the single-particle form, respectively.
momentum beforgafter) pion emission, the momentum of  The spectator nucleofof momentump,) is a real spec-
the emitted pion being;=p—p’, andw=E—E’ is the tator when final-state interactions are neglected PHstate
baryon energy transfer. One can show thatdbrdecay, the wave function is
use of the second term, tf&wave wqq vertex, instead of
the first, orP-wave, vertex results in the substitution of one U1m(P2)=T1(P2) Vim(P2), (60)
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where the radial functioffi; is finite atp,=0. This means that th&-wave excitation of the initial state
Using the single-particle form for the pion-emission ver- should not be in the relativBB coordinate, but in a quark
tex, we find that the first, oP-wave, vertex gives a decay coordinate internal to a baryon. In other words, amplitudes
amplitude proportional tQ/;,(p,) o p3, while the Swave  Wwith normalSwave threshold behavior can only come from
vertex gives one proportional f;,(p,) o p,. One can rec- those components af’ (T=2) containing aP-wave excited
ognize the presence ofRwave pion in the first decay am- A* orN*. i ) )
plitude and anSwave pion in the second amplitude. How- The contributing term can readily be isolated by using a
ever, both amplitudes depend on the external hadroghell-model configuration in which R-state quark inB*
momenta to the same second power. becomes ars-state quark in a nucleon after pion emission.

It is easy to see why the naively expected threshold tern] N€ angular integrations over the initial-state quark momen-
for Swave pion emission is missing. Ti®wave vertex is UM P has the form

actually a three-body interaction thatfswave in the spec- R
tator momentunp,. Multiplication into the initial P-state f d?pYVim(P)V rqqeXH —b(p—p3)?], (62)
wave function gives an extra factor pﬁ. In other words,
the normalSwave result at threshold, assumed to be mo-where the solid spherical harmonic comes from the initial
mentum independent, is simply absent. What survives is &-state and the Gaussian comes from the fihatate wave
higher-order term. We shall call attention to this abnormalfunctions. Using the single-particle form E¢8) of the
situation by calling the decay unfavored. 7NN vertex withp,= —p, we find that theP-wave vertex
An amusing complication in this decay of theN model term contributes ais-wave pion-emission amplitude that is
d’(T=2) is worth pointing out. In terms of the Jacobi mo- unfavored by a momentum factpé. It is the Swave vertex
mentump;, of the finalN? state, the initiaP state becomes term that gives rise to the sought-for amplitude that is inde-
a mixture ofP andS states: pendent of external momenta. Such an amplitude is more
favorable tharP-wave emissions near threshold by two de-

1 1 grees of forbiddenness. It can be expected to dominate the
Vim(P2) =Vim| —P12— §p3 == Vim(P12) — zylm( P3)- decay width near threshold.
(62) It is true, however, that th&wave vertex is weaker than

the P-wave vertex by a factow/2m, and, depending on the
This is caused by the recoil of théN system on pion emis- dynamical model ford’, the B*B components ofd’(T
sion. The second term on the right-hand side describes the2) might themselves be weak. So the quantitative impact
process where the pion carries away the orbital angular mosf this normalS-wave decay amplitude at the dibaryon mass
mentum leaving thé\? pair in a relativeS state. of 2065 MeV is model dependent.

The Jacobi description gives four amplitudes. Two are Exactly the same situation holds fat’(T=0) when
similar to those already described: a term proportional tdreated as ag-waveN* N bound state, wherd* is aP-state
Yim(p12) o p3 for P-wave pion emission and a term propor- baryon of isospin 1/2. To the extent that this component
tional to Y, m(p12) o P12 for Swave pion emission. However, might actually be a significant if not major part of (T
two additional terms appea/;(ps) o- p1, describingP-  =0), the decay width of this dibaryon can be expected to be
wave emission from theSwave vertex and finally actually larger than that fad’ (T=2) near threshold.

Vim(p3) o-p; describing S and D-wave pion emissions The qualitative views on the decay df implied by our
from the P-wave vertex. These unexpected terms have theiforbiddenness classification and threshold behaviors both
orbital angular momentum changed by baryon recoil on pioragree with and differ from those obtained in recent studies of
emission. ThéD-wave term comes with aNN(!D,) pairin  thed’ decay width in interesting ways. For the same models
the final state. It is =4 forbidden and is therefore quite of d’, we agree with Garcilaz$22] that theT=0 decay
unimportant. These recoil-induced emissions are present iwidth should be larger than theé=2 width, but both our
the single-particle form as well, but one has to know wherewidths are likely to be much smaller than Garcilazo’s results.
to find them. This is because fod’'(T=0), the normal alloweds-wave

One can see from E@57) that the recoil-induce&wave  decay comes only from the we&wave 7qq vertex, while
pion emission amplitude is not less important than the director d’(T=2) without anyB* component, thé=2 forbidden
Swave pion emission amplitude from thigwave vertex, decay width should be relatively small near threshold.
because unlike the latter it is not reduced by the additional We agree with Obukhovskgt al.[23] in finding that the
factor w/2m. However, it generates the same unfavofd P-wave wNN vertex causes a recoil-induced decay o
wave threshold behavior of a quadratic dependence on thgave pion andNN(S,) final state, and that the resulting
external momenta and not the normal behavior independentecay amplitude has an abnormal quadratic dependence on
of external momenta. So none of tlBavave decay ampli- the pion momentum. However, another decay amplitude of
tudes in our simple model af’ (T=2) is normal, and all are comparable importance, namelyR-wave pion emission
unfavored by two powers of the external momenta. caused by theP-wave wNN vertex and leading to the

The above analysis is helpful because it tells us how taNN(3P,) final state, has not been included in their calcula-
generateSwave emission amplitudes that are normal andtion.
therefore dominant near threshold: The unwanted momen- We agree with Samsonov and Schepld] that another
tum can be prevented from appearing as an external momeproblem with the calculation dR3] is that theSwave 7NN
tum in anSwave emission amplitude if it can be changedvertex has been left out. Its inclusion is important as it gives
into an internal momentum that is eventually integrated overrise to the dominant allowe8wave emission near threshold.
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Much is unclear, however. The energy transfeappearing There are other wave-function uncertainties such as the
in it is sometimes positive and sometime negative. It is nopresence of tha?(’D3) component, which could be signifi-
clear what it averages out to be. It is also not clear how mucleant or negligible depending on the dynamics assumed to
of the Swave dominance remains by the time we get to theoperate at short distances.

dibaryon mass of 2065 MeV. We have relied on the familiar meson-exchange model of
nuclear forces to generate the dynamics needed in the calcu-
VIl. DISCUSSION AND CONCLUSIONS lation. Unfortunately, the calculated decay width involves

] the short-range part of the isovector tensor force where there
Just as in nucleap decay, a general three-body decay s much cancellation between the and p-exchange contri-
near threshold depends sensitively on the orbital angular mqsytions. Our knowledge of this particular combination of is-

menta of the decay particles in the final state. A classificationyector tensor forces, and of short-distance dynamics in gen-
of the decay widths based on different degrees fufrbid-  erg), seems to be relatively poor.

denness then becomes useful. Much diversity exists within | spjte of these uncertainties, our results seem to suggest

this broad classification, primarily because some decays aigat the xNN decay width ofd* might be too small at low

weaker than normdbr are unfavoreddue to the presence of §* masses to make it easy to use the few decay pions for

additional powers of external momenta in their decay amp”'particle identification.

tudes. _ - Note added in proofThe contributions of theSwave
According to this classification, the decays 7NN vertex have been studied and found to be small by the

d*(37=3*,T=0)— m(l .= 0)NN(3F3), authors of[23] in an earlier papef25].
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of the dibaryond* are both normal “third-forbidden” de-
cays. Even among such normal decays, considerable div
sity remains in the decay widths due to differences in wav
functions and in dynamics.

In this paper, we have used an angle-average approxima- APPENDIX: SPIN AVERAGES AND TWO-BODY
tion to make quick estimates of theNN decay width of a DECAY AMPLITUDES

d* described as a simpl&? bound state. We find a leading- The three-body decag* — NN involves two groups of
order decay width of only 70 keV at th# massm* of 2100 y5.hody reduced matrix elemer®ME's): one for emis-
MeV. The calculated width decreases rapidly @S de-  sion from a baryon and one for the two-baryon transition
creases towards the threshold at 2020 MeV, being only abo§g . NN. where a baryon could b& or N. When brought
6 keV atm*=2065 MeV. down to the quark level, the RME’s needed feremission

_ The accuracy of these angle-averaged results must be cofiym different baryons are related by the NR quark model as
firmed in the future by more detailed calculation. Such &g|ows:

calculation is conceptually simple, but a little tedious in ex-
ecution as it involves additional angle integrations. The un- 8
certainties caused by angle averaging are likely to be much (Alloy 7 [N)= §\/§,
smaller than the uncertainties caused by uncertainties in the
wave functions and in the strong-interaction dynamics. 20 10
Although thed* model used here is crude, the calculated (Alloym)|A) = 3 (N||oy7[N)= 3 (A1)
results can be used to estimate the decay widths for other
models of the wave function. For example, tH&¢ wave \ypere quark 1 is in the baryon.
function is much more complicated in the quark- The operator responsible for tHBB—NN transitions
delocalization and color-screening model [@-4]. It has  peeded in Figs. (—1(c) is
been estimatefil] that quark delocalization would decrease
the present result by a factor of 0.4, while only 1/5 of the Teg=— (0, X 04) P (71 74), (A2)
six-quark wave function is in thd? configuration. The re-
maining 4/5 of thed* state is in hidden-color configurations Where quarks 1 and 4 are in two different baryons. The fol-
which will contribute much less, perhaps only 1/5 or less oflowing RME’s are needed in our calculations:
the contribution ofA2.
Thed* — NN width used here might also have been over- (A2,ST= 3q|TBB||N2 10)255\/2
estimated by the meson-exchange model usefljnThis ’ ’ 9 V2
would be the case if the interior of th#* dibaryon is a

i 40
perturbative vacuum where the exchanged mesons do not (NA,ST=21|Tgg|N2,01) = — =5

exist as such and where the dynamics is much weaker. As- 277

suming that the hidden-color contribution is canceled by the

reduction caused by the perturbative vacuum, we are left ) ) 40

with a total reduction, for the quark-delocalization and color- (A% ST=21Tgg[N",01) :2_7‘/5' (A3)

screening model of*, of about an order of magnitude from
the results reported here for our simple modetibfasA2. For comparison, we also give the RME betwé¢hstates:
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15
The spin averages of the product of operator matrix ele- X('G_) (A7)
ments appearing in the contributions to the decay width K3
shown in Eq.(12) are relatively easy to calculate directly for

thed* Sstate. For Fig. (@) alone, we have where

50
(N?,ST=10[TgglN? 10) =515 (A4)  Fpa(p3)=

pur*=mpld, k=pi/B*, B*=\3/8r*, (A8)
1

i (2) 2 . . .
25+ 1MEM S (il(o1X @), (71 72) oyl F)| r* is thed* radius, usually taken to be 0.7 fm, ahgk) is
e an integral[1] over the momentung=B*Q of the virtual
meson responsible for tH&B recoil:

25
= Q(AZ,ST: 30| TgelN?,10%(A] oy 71 N)2,  (A5)

()= J & i Q) (kQ) Tt B* Q) QUQ.

where

(A9)
liy=|d*;S=3M,T=00) The functiont;;(q) is the radial part of the isovector tensor
’ ’ ’ force appearing in both mesayg and mesorBB interac-
tions.
|f)=|(7NN)00,IM 7). (A6) For the full Bonn potentigl5] in the Born approximation,
we use

The quark label has been left out of the quark operaigys,
responsible for the pion emission. We have also chosen to tiW(q)%vivt(q):Z vi(a), (A10)
express this and other spin averages in terms of the RME’s
for A2-NN and A— N for convenience in mutual com- where
parisons. The spin averages for the other diagrams and for
interference terms can be calculated in the same way. Se; 1 /Aiz—mi2 2

The pion momentum is the same for all Feynman dia- vi() =47 s 7o\ A7 g2

- Fo?+m| Af+q

grams, but the dependence on the nucleon momenta is more
complicated. We shall assume that 8B— NN interaction
should be evaluated in the ¢.m. frame of the baryons in Fig
1(b), 1(c), 1(e), and If), and not that ofi*. This means, for
example, that the nucleon momentum appearing in the cor-

responding decay amplitudes for Figgb)land Xc), denoted o _97 _ 14.4

(A11)

The sum is taken over the two virtual mesdrs,p, with
SSignature5377= —1,S,=1 and strengths

Foa in the text, is different from that for Fig. (&), as ex- T 4T

plained more fully in Sec. Il. This refinement is included in

the final expressioi47), which also gives the results of all o (2

spin averages. =20y —”) —0.841+6.1)2 A12
Two two-body decay widthgor amplitude$ appear in % 477( g, 4 )% (AL2)

this equation. The one for the decay— =N is obtained
from the free-space decay widlh, based on #-waverqq  respectively. The other parameters are those shown on p. 37
vertex for pion emission from quarks. This means that weof [5].

have neglected a certain well-knowBiwave vertex term For the Franey-Lové matrix, we use Eq(15¢) of [26]
which when expressed in baryon coordinates is proportional
to the mean momentum of the emitting baryon. Tiwave tivt(q)ZEi t(q), (A13)

emission vanishes in free space because the appropriate

frame to be used is the one where the mean momentum van-

ishes, i.e., the Breit frame. It does not vanish in a manywhere

baryon system where the mean baryon momentum is non-

zero. We have argued in Sec. Il, however, thatddrdecay Vig’R/

this Swave vertex is likely to be much less important than [1+(qR)?’]®"

the more familiarP-wave vertex. It may therefore be ne-

glected in the qualitative estimates attempted in this paper.This is a sum of three to four terms of different randgs
Two different dynamical inputs for thBB—NN transi-  corresponding to virtual mesons of different masses

tion amplitudesF,, are used in Eq(47). It depends on the =#c/R;. The parameters are given in Table I[6].

nucleon momentunp} in the B2 rest frame of invariant In the approximation described in Sec. V, two of the re-

massmy,: tardation amplitude® involve the same function:

ti(q) =327 (A14)



2428 CHUN WA WONG PRC 58

Raa(f;p3)=Raa(d;p3)- (A15) Doi~m* —w;i—(E2) —(Ea),
Only two distinct functions are then needed. Both are gener- (A17)
ated from Eq(A7), but by using certain retardation analogs
rv: of ty:. For the FB potential, they are D,i~(E,)— wj—(Eg).
o~ Vi@ The baryon energyEg is E, for a=d, and the nucleon
r“"(a’Q)_Ei DoiD,i’ (AL6) energyE for a=e. The averages appearing here are those
described in Sec. V.
where the argumenk=d[e] denotes Fig. M) [Fig. 1(e)], For the FLt matrices, the Born terny; in Eq. (A16)
W= \/mzi +¢2, and should be replaced by thematrix termt; .
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